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Abstract: The concept of the Net Zero Energy Building (NZEB) has received more interest from
researchers due to global warming concerns. This paper proposes to illustrate optional solutions to
allow existing buildings to achieve NZEB goals. The aim of this study is to investigate factors that can
improve existing building performance to be in line with the NZEB concept and be more sustainable.
An existing townhouse in Washington, DC was chosen as the research target to study how to retrofit or
reconstruct the design of a building according to the NZEB concept. The methodology of this research
is modeling an existing townhouse to assess the current situation and creating optional models for
improving energy efficiency of the townhouse in Revit and utilising renewable energy technology for
energy supply. This residential building was modeled in three versions to compare changes in energy
performance including improving thermal efficiency of building envelope, increasing thickness of the
wall, and installing smart windows (switchable windows). These solutions can reduce energy and
cost by approximately 8.16%, 10.16%, and 14.65%, respectively, compared to the original townhouse.
Two renewable energy technologies that were considered in this research were photovoltaic and wind
systems. The methods can be applied to reconstruct other existing buildings in the future.
Keywords: Net Zero Energy Building; existing building; BIM; digital twin; sustainability
1. Introduction
The concept of the Net Zero Energy Building (NZEB) has received a lot of attention in the
construction industry. The construction of buildings that can produce energy by themselves without
relying on energy produced from outside the building is one tool in the fight to prevent or mitigate
climate change. Global warming, including the greenhouse effect, is a global concern. The emission
of carbon dioxide from the US residential sector was 294.5 MMT CO2 Eq. in 2017, which is 5.59% of
the total carbon dioxide emissions in the United States according to the United States Environmental
Protection Agency (EPA) [1]. Moreover, Hermelink et al. [2] suggest that the residential and service
sectors need to bring greenhouse gas emission down by approximately 88–91% from 1990 to 2050 with
the recast of the Energy Performance of Buildings Directive (EPBD).
Due to the above problems, this study will focus on existing residential buildings to find ways to
develop and improve existing buildings in order to save more energy, including keeping reliance on
external sources to a minimum. The main research aim of this study is to investigate the factors that
can improve existing building performance in order to be closer to the concept of NZEB and be more
sustainable. In this paper, the following research questions are addressed:
1. How can we manipulate an existing building to minimise its energy use intensity by changing
building elements?
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2. How much does the reconstruction of the townhouse cost?
3. How can renewable energy technologies support the annual energy usage of the existing building?
In this study, a simulation of a townhouse in Washington, DC based on the building plan and
details is run through a program to simulate the current status, such as building elements and energy
performance. In addition to the current status of this building in the first model, this study also
simulates a second model to improve energy efficiency of the building based on a previous study [3].
The second and third models show that, after changing the thermal properties of the building envelope
and the thickness of the building wall, various building elements can reduce the Energy Use Intensity
(EUI) value of the building by using Green Building Studio and Insight, the building performance
analysis software from Autodesk (Autodesk Inc., San Rafael, CA, USA). In addition to improvements
to reduce energy and costs of the above buildings, the next step is to present renewable energy
technologies to determine the optimal energy production method for this building.
2. Literature Review
2.1. Definition of NZEB
A Net Zero Energy Building is a building that has reduced energy consumptions in order to be
balanced between the energy demand and the energy supply from renewable energy technologies [4].
Torcellini et al. [4] classified NZEB into four categories—Net Zero Site Energy Building, Net Zero
Source Energy Building, Net Zero Energy Cost Building, and Net Zero Energy Emissions Building.
Each definition gives different calculations in terms of site energy, source energy, cost, and emissions.
2.2. Net Zero Energy Building Balance
Sartori, Napolitano, and Voss [5] developed Equation (1) for presenting Net Zero Energy Building
balance. This equation states that net-zero energy building balance is equal to the difference of weighted
supply and weighted demand, which should be equal zero.
Net Zero Energy Building Balance = |weighted supply| − |weighted demand| = 0, (1)
where weighted demand is the sum of required energy (load) of the building and weighted supply
is the sum of exported energy (generation) of the building. They are adjusted by being multiplied
by proper weighting factor when the weighting factor can be determined by different factors such as
climate or energy efficiency of the building. From the above equation, a Net Zero Energy Building can
be achieved when weighted supply is equal to or higher than weighted demand. In addition, absolute
values are used to prevent the confusion from negative or positive values of supply and demand.
2.2.1. Energy Demand (Energy Efficiency and Energy Saving)
According to the concept of NZEB, reducing energy demand of the existing building is considered
in terms of energy efficiency and energy-saving. There are various factors that affect the energy
efficiency of buildings. Research from Pacheco, Ordóñez, and Martínez [6] concluded that the factors
that affect the design of the building include the site location, shape of the building, building orientation,
building envelope, shading on buildings, passive systems, and window glazing.
From the aforementioned factors, it was found that various factors are suitable for building a new
building, but some factors do not significantly change when we apply these concepts to the existing
buildings, such as the location/site and building orientation. The location is an unchangeable part of
the existing building, and the building orientation might be difficult to change due to environmental
constraints around the building, such as the townhouses that are built next to each other. The shape of
the building is likely to change, but for some existing buildings, it is found that it can be changed only
a little, possibly due to the unfavorable surrounding environment or limited space.
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Building envelope is one of the most important parts that can be retrofitted in order to improve the
energy efficiency of existing buildings. Building envelopes include all walls, roofs, doors, and windows
of the building, constituting the outermost layer of the building that separates the environment between
the interior and exterior environments of the building. Akadiri, Chinyio, and Olomolaiye [7] suggest
that insulating the building envelope, choice of material, and construction methods are important
elements for decreasing building energy consumption.
There are various research studies that have discussed the application of the net-zero energy
concept to existing buildings via changes in building envelope. One interesting piece of research is by
De Berardinis, Rotilio, and Capannolo [8], who studied the renovation and improvement of hospital
buildings in L’aquila, Italy of historic design according to net-zero energy and sustainable strategies
using Ecotect software programs for the analysis and calculation of solar radiation. The research
found that the main conditions were from construction structure, climate analysis, and assessment of
environmental comfort of the building, which leads to the renovated design of buildings and thermal
energy analysis and is applied to the technological innovation of solar energy. For instance, increasing
the wall thickness by 14.1% can reduce the demand for heating in the winter. Sierra-Pérez at al. [9]
also compared the differences between applying conventional renovation with low-energy building
(Passivhaus standard) renovation. They found that conventional renovation and Passivhaus renovation
can save more energy by 60% and 80%, respectively. In addition, when considering the whole life cycle
of the building, Passivhaus renovation can achieve 30% better results than conventional renovation.
However, it is worth to underline that the environmental impact of applying Passivhaus renovation
is 40–230% higher than the conventional approach. Moreover, the amount of required material is
60% higher than the conventional renovation, while the payback is less than 1.5 and two years for
the conventional and Passivhaus renovations, respectively. Meanwhile, Kaewunruen, Rungskunroch,
and Welsh [3] studied an existing building model for NZEB applications based on the case study of
a residential building in Nottingham, UK using BIM (Building Information Modeling) for energy
and cost analysis. The research found that an improved model can be reduced energy cost per year
by 6.34% by improving thermal efficiency of house elements in a model and provide a solution of
renewable technologies that can gain a 23-year payback period. Another compelling piece of research
is from Aksamija [10] who studied retrofitting the building envelope of a commercial building in
Massachusetts by installing expanded polystyrene (EPS) rigid insulation and fiberglass batt that bring
an increase in the wall resistance (R-value). For doors and windows, Roos and Karlsson [11] mention
that heat loss occurring via escape through the window makes up approximately 10–20% of total heat
losses in ordinary residences. Selecting the type of glass is therefore important, as it has a direct effect
on the building. Double glazing is a popular choice for buildings because it has good properties in
both hot and cold conditions [6]. Double glazing was developed to provide better insulation, reduce
noise, and lower energy costs [12]. The use of triple glazing has also increased, as triple glazing has
even better performance than double glazing. Triple glazing consists of three panes separated by argon
gas, which is a poor heat conductor. An extra layer of glass acts as an additional insulation, which
increases the difficulty of heat losses from the inside of the building to the outside, relating to the
U-value (thermal transmittance) and R-value (resistance) of materials [13]. Therefore, heat loss from
convection is very low. Moreover, the gaps between each layer of glass are small, so that air cannot
circulate, which also prevents heat loss. From this, lower heat loss means lower energy consumption
in the winter in order to keep the building warm. However, this better performance requires increased
weight and 33–50% higher prices than double glazing [14]. Almost every paper that has been written
about the building envelope of NZEB includes a section relating to the thermal properties of material
use in construction. This suggests that the retrofitting or reconstruction of the building should give
great importance to the properties of the materials used for construction in terms of thermal properties.
The Commercial Buildings Energy Consumption Survey (CBECS) [15,16] presented the range of
Energy Use Intensity (EUI) for different types of buildings in 2003 and 2012. In 2003, the EUI from
CBECS data [15] for ‘Lodging’ was 103.2 kBtu/ft2/year, which is equal to 325.5 kWh/m2/year. In 2012,
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the EUI was 98.55 kBtu/ft2/year, which is equal to 310.8 kWh/m2/year [16]. The EUI from CBECS was
rather close to source EUI, but rather high for site EUI. On the other hand, Energy Star [17] illustrated
the US National Median Reference Values for ‘multifamily housing’ that are 118.1 kBtu/ft2 for source
EUI and 59.6 kBtu/ft2 for site EUI, which is equal to 372.5 and 188 kWh/m2/year, respectively. Moreover,
the American Institute of Architects (AIA) [18,19] also provided a table of the US National Average Site
EUI by use types and Architecture 2030 Challenge Site EUI. The table showed 58.2 kBtu/ft2/year for site
EUI of ‘residential—multi-family, 2–4 units’, which is equal to 183.6 kWh/m2/year in comparison with
17.5 kBtu/ft2/year or 55.2 kWh/m2/year of goal EUI in 2030. These could be said that the estimated value
of the EUI for ‘multifamily housing’, which is approximately 59.05 kBtu/ft2/year or 186.2 kWh/m2/year.
2.2.2. Energy Supply (Renewable Energy Technologies)
According to the concept of NZEB, after the reduction of overall energy demands of the building
is achieved, providing sufficient renewable energy sources to meet demands is required. Existing
buildings have renewable energy technologies used for reducing or disabling energy from outside
energy sources, which are considered the heart of the NZEB concept [20]. A considerable amount of
literature has been published on renewable energy technologies for NZEB. These studies are often
referred to as solar energy, hydro energy, wind energy, and biomass. For example, a commercial
building in Massachusetts also considers these four renewable sources of energy supply [10]. Chang
et al. [21] simulated a personal office building in which a 500W fuel cell was installed. This fuel
cell generated the power for the lighting and air conditioning systems. Loads in this study were
lighting, air fan, table lamp, laptop, printer, and acoustic equipment. They found that the system
can generate 12 kwh/day or 4320 kwh/year. Moreover, their system can reduce carbon emission by
7.656 kg/day or 2756.16 kg/year. During the process of power generation by the fuel cell, water is a
byproduct, and it can be used as landscape water as well. Chua et al. [22] developed a combination
of renewable technologies for the purpose of trigeneration. They found that the best combination
consisted of 80% microturbine, 10% photovoltaic-thermal, and 10% fuel cell, which can deliver the
advantages of operation cost reduction, energy saving, and environmental impact reduction. Their
case study was a commercial building where the heating system, cooling system, and power system
were supplied with power by the developed system. Li and Fan [23] stated that the main function
of an envelope of a building is to protect the building, and this tended limited other functions of the
envelope. As a result, there is a lot of wasted renewable energy potential. They tried to develop a
new concept to use the envelope of the building more efficient. They presented other potential of the
envelope include solar energy collection, wind power collection, and plantation on the roof. They
believe that this concept can promote energy saving and environmental impact reduction. In addition,
the further study of this concept can change building design and other fields to make the architecture
and engineering more natural. Visa et al. [24] tried to improve an existing building which applied
renewable energy concept already to reach NZEB concept. They used the Solar House as a case study.
Their purposed processes for reaching NZEB concept consisted of three steps—identification for energy
demand reduction, renewable energy mix development, and existing system development and/or new
system addition. They found that the Solar House can achieve NZEB by adding a photovoltaic string
system to the original system of solar and geothermal systems. The photovoltaic string system was
used to track the climate profile and optimize the energy use in the building. They also suggested that
any building can apply the renewable energy concept, but technical and economic limitations also
needed to be considered.
3. Methodology
In this paper, the research methodological approach taken in this study is a mixed methodology
which included data gathering, building modeling, energy and cost analysis, and utilisation of
renewable energy source. Townhouse details and plans were gathered from drafting services [25] as
secondary data. The first model is the original house, which is created from original material based on
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the construction plan. The second model is an improved thermal efficiency townhouse model, which
is created from the improved thermal efficiency of materials. The third model is an improved thermal
efficiency (with increased thickness insulation) townhouse model, which is created from the second
model with increased thickness of insulation in the wall. Finally, an optional choice for improved
energy efficiency of the townhouse is provided by adding smart windows.
3.1. Building Information Model (BIM) and Revit
For this research, information and construction details of an existing building were obtained to
create the Building information model (BIM). There are a number of instruments available for modeling
building. One of the most well-known tools is Revit (version 2019, Autodesk Inc., San Rafael, CA, USA)
from the Autodesk package. This provides a convenient way to transfer between 2D and 3D drawings
that can support the change of building design components [26]. This study also uses this benefit of
Revit to create a 3D model from 2D drawings. Although 2D drawings provide details of the building,
a 3D model can deliver a clearer picture of the building. Revit can integrate structural, architectural,
building systems, and other components together so the generated 3D model can deliver complete
detail of the building. Moreover, Revit and other BIM software can make data management possible,
not only for the data for the construction but also data for operation and maintenance. The data which
can be integrated in BIM is various. Using Revit for energy efficiency analysis is one of the advantages
from using BIM for data management. In addition, Revit has available extensions that can increase its
capability for specific purposes. For this study, the energy model of the building was created in Revit
software through Green Building Studio and Insight, which are functions of building performance
analysis software in the Autodesk package. Green Building Studio shows the results of the analysis in
the form of the energy use intensity (EUI) in kBtu/ft2/year, annual energy cost ($/ft2), annual energy
consumption, etc. Insight shows the results of the analysis in the form of the energy cost range (ECR)
in USD/m2/year, the energy use intensity (EUI) in kWh/m2/year, and other details about the building
performance. In this study, the building used as a case study has the following properties: multi-family
use, an area of 318.75 m2, height of 12.42 m, volume of 120 m3, and its location is Washington, DC.
3.1.1. Elements of the Building Envelope
The existing building plan has been obtained and shows various information of the building,
such as the dimensions of the building elements, construction materials, structure, and building
position. This information was identified in the Revit software in order to simulate and model 2D and
3D drawings. The building components, such as walls, floors, roofs, windows, and doors, consist of
several element details. Revit also provides the material thermal properties from the detailed elements.
The energy analysis in Revit software offers three methods to specify thermal properties of building
elements—conceptual types, schematic types, and detailed elements [27]. These methods also can
work together in different stages. In this study, detailed elements are chosen to play an important role
during energy analysis due to their giving more realistic results. In this research, the improved thermal
efficiency methodology was prepared by adapting the procedure used by Kaewunruen, Rungskunroch,
and Welsh [3]. The changing materials and thermal conductivities (k or λ) of building elements are
intended to increase the thermal resistance of the building envelope (higher R-value) and to decrease
the thermal transmittance (lower U-value) [28]. There are two sets of thermal properties of building
elements data for two models. On one hand, the model of the building with original element details is
modeled. On the other hand, the model of the building with improved thermal properties is modeled
by changing the materials of the building envelope for better thermal conductivity and upgrading
windows from double glazing to triple glazing. The data in Figure 1 presents the increase of R-values
and decrease of U-values after improving the thermal properties of the building envelope. The third
model was drawn from the improved thermal efficiency townhouse model by adding the thickness of
insulation based on the research from De Berardinis, Rotilio, and Capannolo [8], which is mentioned in
the literature review. This referred to Horizon 20-20-20 which aimed to reduce carbon emission by 20%
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compared to 1990, increase the use of renewable energy to 20%, and increase energy efficiency by 20%
in 2020.
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3.1.2. Energy and Cost Analysis
Green Building Studio and Insight software play a crucial role in energy and cost analysis in Revit.
Insight presents the energy cost range (ECR) and the energy use intensity (EUI).
After reducing energy via the methods mentioned above, the different renewable energy
technologies, such as photovoltaic system (solar cell) and wind system (wind turbine), are adapted to
supply the remaining energy of the townhouse.
4. Results
4.1. Energy and Cost Analysis Result
4.1.1. Three Models from Revit Software
The energy analysis from the Green Building Studio and Insight software calculated several areas
of performance of building. The results of the energy analysis were that energy use intensity (EUI) of
from the original townhouse model, the improved th rmal efficiency townhous , and the improved
thermal efficiency (with increased thickness of the insulation) were equal to 154.5 kWh/m2/year,
141.9 kWh/m2/year, and 138.8 kWh/m2/year, respectively. The results obtained from the nergy analysis
of all od ls can be compared in T ble 1, showing EUI, remaining energy, annual reduced energy
in kWh.
Table 1. Remaining energy and reduced energy of three townhouse models.
Townhouse Models EUI(kWh/m2/year)
Remaining Energy
(kWh/year)
Reduced Energy
(kWh/year)
Original 154.5 49,246.88
Improved thermal efficiency 141.9 45,230.63 4016.25
Improved thermal efficiency with increased
thickness insulation 138.8 44,242.50 5004.38
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Table 2 shows the energy results obtained from the energy analysis of all models in terms of energy
cost. The average electricity cost of energy is equal to £0.127/kWh [29], which is applied to calculate
annual energy cost. Table 2 below provides EUI, remaining energy, annual energy cost, and annual
reduced energy cost.
Table 2. Remaining energy, annual energy cost, and annual reduced energy cost of three
townhouse models.
Townhouse Models EUI(kWh/m2/year)
Remaining Energy
(kWh/year)
Annual Energy
Cost (£)
Annual Reduced
Energy Cost (£)
Original 154.5 49,246.88 6254.35
Improved thermal efficiency 141.9 45,230.63 5744.29 510.06
Improved thermal efficiency with
increased thickness insulation 138.8 44,242.50 5618.80 635.56
From the two tables above, the improved thermal efficiency townhouse model can reduce energy
use and cost by around 8.16% from the original townhouse model. The improved thermal efficiency
with increased thickness of insulation model can reduce energy use and cost by around 10.16% from
the original townhouse model.
4.1.2. An Option for Improved Energy Efficiency of the Townhouse
In addition to the above three models, this paper provided one more option to improve
energy efficiency of the townhouse with switchable windows, which are known as smart windows.
This technology involves windows with a control system based on occupancy, temperature, and solar
radiation [30]. According to Karlsson’s experiment [30], the smart switchable windows reduced energy
consumption of buildings but depending on various factors such as the location and orientation of
the building, type of building, building occupancy, weather, etc. Therefore, Karlsson’s study was
conducted in three different locations—Stockholm, Denver, and Miami—to monitor the differences in
potential energy-saving.
The graph below illustrates the comparison between the average monthly temperature of
Stockholm, Denver, Miami, and Washington, DC in order to find a location with similar weather
conditions with the townhouse location. The weather data used to create a chart, which is shown in
Figure 2, was obtained from weather reports collected during 1985–2015 [31–34].Sustainability 2019, 11, x FOR PEER REVIEW 8 of 15 
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As seen from the graph, Denver has the weather most like Washington, DC. Therefore, this research
applied the finding of a switchable window energy-saving which is 25–75 kWh/m2/year (kWh per square
metre glazed area) of energy-saving in a Denver-like climate from Karlsson’s study. The glazing area of
this townhouse was 29.75 m2 which means that the potential energy-saving is around 736.25–2208.75
kWh/year. Therefore, the remaining energy of this building is equal to 42,033.75–43,506.25 kWh/year,
which results in a reduction 1.66–4.99% from the improved thermal efficiency (with increased thickness
insulation) townhouse model summarised in Table 3. The relevant properties of the smart windows
are shown in Table 4 based on the referred study [30].
Table 3. Annual reduced energy and remaining energy using switchable windows.
Options Saving(kWh/m2/year)
Annual Reduced
Energy (kWh)
Remaining Energy
(kWh/year)
Switchable window 25 736.25 43,506.25
Switchable window 75 2208.75 42,033.75
Table 4. Properties of smart windows [30].
Identity g (%) U (W/m2 K) Category Panes Tvis (%)
Smart 1 44/15 1.6 1 2 + 1 50/15
Smart 2 36/12 1.1 1 2 + 1 50/15
4.2. Cost of Reconstruction
Improvements to existing homes with greater energy efficiency may require many changes, which
in addition to retrofitting may include whole building reconstruction. Choosing partial demolition of
existing buildings may cost more than total demolition because contractors need to take the existing
structures into account [35]. The cost of building construction depends on a variety of factors. In this
study, there are four methods for calculating the cost of retrofitting and reconstruction—cost analysis
in Revit software, cost estimation from Self-Build website, cost estimation from FIXR website, and cost
estimation by Greencore construction.
4.2.1. Revit
From the models that are simulated in the Revit program, it is possible to know the detailed
area of various elements of the building. In this study, the Revit program is used to calculate the cost
of various elements, which in this case only mentioned the cost of reconstruction for the building
envelope, but the total cost of all elements was assumed. The installation cost of the brick and block
cavity walling varies between £105–180/m2 including materials and labour cost, making the total wall
cost of this townhouse equal to £63,617.66. The roof installation cost varies between £40–300/m2 for
different types of flat roof according to the Home Advice Guide [36], making the total roof cost of this
townhouse equal to £11,315.30, including materials and labour cost. The installation cost for door
will depend on the types of doors that are chosen, which vary between £60–146/m2 for the external
doors and £250–450 per door for the internal doors [37]. The total cost of doors for this townhouse is
approximately £8926. The cost of windows for the townhouse depends on the types of glazing that are
used [38], that the triple glazed windows are chosen to use for this project. A triple glazed window
costs £500 per piece including 75% materials cost and 25% labour cost [39], which means the total
window cost of this townhouse is around £10,500. The total cost of the reconstruction of the building
envelope is £94,358.96. Due to the limitations of the Revit program, it is not possible to calculate all
details of the construction costs of all elements in this program, so information from Holmes M. [37] in
order to estimate the full cost of this building. Holmes M. [37] used a pie chart that shows a breakdown
of the costs including foundation, floor structure, superstructure, roof structure and cover, drainage,
electrics, plumbing, heating internal carpentry include kitchen, plastering, decoration, tiling, flooring,
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and landscaping. The pie chart shows that 25–30% of the cost is from the superstructure, which can be
assumed from the total of the building. This helps us to estimate that the total cost of this townhouse is
approximately £377,435.84.
4.2.2. Self-Build Calculator
Self-Build is a website that provides a cost calculator for a house by filling in the details of
the building, such as floor space, materials and design choice, interior fit-out and external works,
and building route. After a calculation, the Self-Build [40] website estimated the total cost of this
townhouse is £464,828.10.
4.2.3. FIXR Cost Guide
FIXR is a website that provides services a cost guide for several types of buildings. The cost
of building a townhouse with two units, which includes material cost, labour cost, machine cost,
and others, is approximately $125 USD/ft2 [41]. Based on an approximate estimate, this townhouse
will have a new construction cost of $428,875 USD or around £351,677.5.
4.2.4. Greencore Construction
Pritchett, L. [42], who is Managing Director of Greencore Construction, provided the estimated
cost of building a greenhouse including £100/m2 of pre-construction, £120/m2 of sub-structure, £450/m2
of superstructure, £280/m2 of external finishes, £500/m2 of services and fit-out, £100/m2 of external
works, £170/m2 of prelims and £80/m2 of contingency. This made the total cost of greenhouse £1,800/m2
which translated to £573,750 for the townhouse using Pritchett’s [42] method.
Please be noted that the estimated costs from the previous four models are different because each
estimates the cost by different assumption and background. For example, Revit does quantity take-off
and calculates the cost by filling unit cost of the material, while Greencore construction estimates the
cost by cost/area principle which is rougher. Moreover, the platforms that provide the cost estimation
service have different background. For example, the Self-Build calculator and Greencore construction
are based in the UK, but FIXR cost guide is based in the US, where the construction technology and
related cost are different. Therefore, the estimated cost from these platforms are different. Moreover,
the outcome costs from each model have different currency units. Although unit conversion can be
done by the exchange rate, it will be more beneficial to demonstrate the original currency units because
the exchange rate can change over time.
Net Present Value with 0–10% discount rates of four different methods to calculate cost of
reconstruction are presented in Figure 3, Figure 4, and Figure 5 using the improved thermal efficiency
townhouse rate, improved thermal efficiency (with increased thickness insulation) rate, and switchable
window rate, respectively. The present values are calculated at 30 years with reduced energy cost £510.06,
£635.56, and £822.56 per year respectively from the three rates mentioned before. The summarised Net
Present Value which was calculated from reconstruction cost and reduced energy cost of each option
can be shown as follows:
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4.3. Renewable Energy Technology
4.3.1. Solar Panels
Roof-mounted solar panels, which would be able to provide energy consumption of 42,033.75
kWh/year or around 3500 kWh/month for this townhouse, is 30,195 Watt (30 kW) roof-mounted PV
power systems (the produced amount is based on five sun hours per day, which Washington, DC is
able to provide, except in winter). Unfortunately, this townhouse has 66.52 m2 of roof space, which
does not have enough space for the 30,195 Watt (30KW) PV power systems, which require over
168 m2 of roof space [43], meaning other options such as ground-mounted solar panels are necessary.
Therefore, a 30,000 Watt (30 kW) ground-mounted solar panel needs to be considered, which can
produce 2400–4200 kWh per month, was chosen for this project, and the price of this technology is
$41,695 USD, or around £33,356 [44].
4.3.2. Wind Turbine
Domestic wind turbines that are suitable for energy production of 42,033.75 kWh for this townhouse
have a system size of 10 kW such as Ecovo 10 kW which produces 9.6 kW of rated power [45]. This
wind turbine can support the cut-in wind speed of 2.5 m/s and the rated wind speed of 11 m/s or
5.6 mph and 24.6 mph, respectively. The average wind speed in Washington, DC ranges from 5.9 mph
in August to 9.8 mph in February. The wind turbine 10 kW system generated an annual output
of 21,500 kWh [46], which for this townhouse would require two turbines. The Renewable Energy
Hub [46] provided £45,000 of system cost with 14 years and 11 months payback period and a 20-year
income of £60,006.40.
5. Discussion
The first question this study sought to determine was the ways to manipulate an existing building
to minimise the energy use intensity by changing building elements. This paper provided three
models and an option of smart window technology. As mentioned in the literature review, a strong
relationship between the thermal property of construction materials and energy use intensity has been
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reported. The previous research from Kaewunruen, Rungskunroch, and Welsh [3] showed that energy
use and cost of improved thermal efficiency house can be reduced by 6.34% from standard house.
In comparison with this paper, energy use and cost of an improved thermal efficiency townhouse can
be reduced by 8.16% from original townhouse. This report illustrated the reduced energy use and
cost as being slightly higher than in previous studies. Minor changes caused by the materials which
were used for construction limited in thermal conductivity, which resulted in the overall EUI not being
drastically reduced. This research also provided a third townhouse model that showed improving
thermal efficiency concept and increasing thickness of the wall together can reduce annual energy use
and cost by up to 10.16% from the original townhouse model. In addition to the townhouse simulation
in the Revit software, this study also shows the possible decline of the annual energy use and cost due
to the application of smart switchable windows for this building, which can reduce annual energy use
and cost up to 14.65% from the original townhouse model.
The second question in this research was cost of reconstruction for the townhouse. This paper
showed cost of reconstruction that is equal to £377,435.84, £464,828.10, £351,677.50, and £573,750 from
four different methods. This paper also presented net present values with different discount rates and
different cost of reconstruction, which have shown that the benefits from energy cost saving can cover
only some part of the reconstruction cost. Although the net present value of every option is negative,
the environmental impact benefits are not included in this study. Therefore, the overall net present
value is improved. Moreover, renewable energy technologies are continuously being developed, which
result in lower costs and better efficiency.
With respect to the third research question about renewable energy production, the previous
research from Kaewunruen, Rungskunroch, and Welsh [3] considered three renewable energy
technologies: photovoltaic panels, wind power, and biomass. However, Kaewunruen’s research
found that the biomass system came with high costs for the building. Therefore, this paper only
considers two approaches—the photovoltaic system (solar cell) and wind system (wind turbine). From
the results of the use of renewable energy, this paper found that there have been some limitations for
making the existing building into an NZEB. The main limitation for existing buildings is space, which
may not be able to support on-site renewable technologies. However, the location of off-site renewable
technologies should be nearby or not too far from the reference building, and it is necessary to calculate
the energy loss that occurs during the route as well.
6. Conclusions
The aim of this study was to investigate the factors that can improve existing building performance.
This paper presented three models with two solutions and one alternative option to improve energy
efficiency and reduce the energy consumption of the townhouse. The three models were improving
thermal efficiency, increasing the wall thickness, and installing smart windows (switchable windows).
Those solutions can reduce energy and cost by approximately 8.16%, 10.16%, and 14.65%, respectively,
from the original townhouse. From the values, it can be seen that increasing the wall thickness
can improve the energy saving by 2.00%. At the same time, using switchable windows can reduce
more energy by 1.66–4.99% from the improved thermal efficiency with increased thickness insulation.
Although the better energy efficiency can reduce energy consumption and energy costs, the cost of
reconstruction needs to be considered as well. Moreover, energy consumption will vary depending on
the environment and use of the building. This study assumes that the building type is multi-family, so if
the type of the building changes, energy consumption will also change, and recalculation is required.
The results of this research support the idea that energy efficiency solutions can reduce energy demand
of this townhouse, and the remaining energy is supplied by renewable energy technologies to achieve
the Net Zero Energy Building goal.
The methods used for this townhouse may be applied to other existing townhouses or existing
buildings. However, since the study was limited to the creation of a model, it is possible a new building
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models need to be created on a case-by-case basis to improve energy efficiency of each building,
but they can still use the same concepts and methods to achieve the Net Zero Energy Building goal.
In order to achieve NZEB goal, energy supply must be equal of higher than energy demand.
Although energy demand can be reduced by improving energy efficiency such as better building
envelope or application of smart window, a renewable energy system needs to generate energy to
supply the building. This is a crucial issue because different areas have different potential of renewable
energy. Some areas may have limitations such as low intensity or low sunshine duration. Therefore,
to achieve the NZEB goal, renewable technologies must be selected appropriately.
The recommended areas for further studies are as follows. First, in future investigations, it might
be possible to add different functions of renewable technologies into the existing models and provide
more financial analysis. Second, a simulation of new innovations or additional functions from existing
models will help the analysis for the development approach to be more accurate. After that, to develop
a full picture of a Net Zero Energy Building, additional studies will be needed on the integration of the
building information model by calculating specific values in each specific program and integrating the
data to make the results more accurate. Finally, further research should be undertaken to investigate
Net Zero Energy Buildings that are larger or more complex. This may produce interesting results and
could create benefits for the future urban planning, such as high-rise buildings, hospitals, schools,
shopping centres, and transport hubs.
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